Plants exhibiting Crassulacean acid metabolism characteristically display a 'morning burst' in the rate of CO2 uptake during the early morning period (16) . This MB3 generally follows a brief, rapid reduction of CO2 fixation which is triggered by the onset of daytime light and temperature conditions. The MB is usually of short duration (20-30 min, or longer depending on growth conditions) and marks the beginning of the decarboxylation phase and of decreased net CO2 uptake (phase II, 15) . The metabolic activities of this transition phase are not well understood, but involve a complexity of carboxylating and decarboxylating events (7, 14) . A previous investigation of initial products of 14C02 fixation in Kalanchoedaigremontiana implicated PEPC I
Plants exhibiting Crassulacean acid metabolism characteristically display a 'morning burst' in the rate of CO2 uptake during the early morning period (16) . This MB3 generally follows a brief, rapid reduction of CO2 fixation which is triggered by the onset of daytime light and temperature conditions. The MB is usually of short duration (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) min, or longer depending on growth conditions) and marks the beginning of the decarboxylation phase and of decreased net CO2 uptake (phase II, 15) . The metabolic activities of this transition phase are not well understood, but involve a complexity of carboxylating and decarboxylating events (7, 14) . A as the enzyme largely responsible for the increased CO2 fixation rate during phase II (17) . The involvement of PEPC in phase II CO2 fixation was further suggested by the occurrence of a morning peak in titratable acidity concurrent with the timing of the MB (7) . However, further investigations with K. daigremontiana using '4C-labeling (12) and gas exchange techniques (24) suggested an increased involvement of RuBPC in fixation of exogenous CO2 with progression of phase II. The study reported in this communication was undertaken in order to further assess the nature and sequence of metabolic events during phase II of CAM in the cactus species Opuntia erinacea.
MATERIALS AND METHODS
Plant Material. Single cladophylls of Opuntia erinacea var columbiana (Griffiths) L. Benson were collected from a native population in eastern Washington State and allowed to root in a 1:1 (v/v) peat:sand mixture in the Botany Department glasshouse at Washington State University. After 3 to 4 months, healthy individuals were transferred to controlled environment chambers and allowed to acclimate for 8 to 10 weeks under a 14-h photoperiod (approximately 700 umol quanta m2 M s-' PAR and 200 to 220 w/m2 total radiation) and a day/night temperature regime of 35°/15°C. Plants were watered every 2nd d and received nutrient supplement biweekly.
Gas Exchange Measurements. Whole plant CO2 exchange was measured using an open IR gas analysis system as described previously ( 13) . Measurements were conducted under light and temperature conditions approximating those used for growth. The ingoing CO2 concentration was maintained at 330 Mtl/l and 02 concentrations of either 21% or 2% were achieved by mixing gases from cylinders containing pure O2, pure N2, and 1% CO2 in N2 using a series of three Wosthoff mixing pumps. In 10 mm dithioerythritol, 2.5 mm pyruvate, and 0.2% (w/v) BSA was used for assays of PPDK. The same buffer solution, without pyruvate and with only 1 mM MgC92, was used for preequilibration of columns used to desalt extract for assays of RuBPC, PEPC, NADP-ME, and NADP-MDH.
Enzyme Assays and Chl Determination. The following enzymes were assayed spectrophotometrically at 340 nm in a total volume of 1 ml at 30°C as previously described: PEPC (20), PPDK (19) , NADP-ME and NADP-MDH (6). RuBPC was assayed radiometrically in a total volume of 0.15 ml at 30°C using NaH'4CO3 according to Lorimer et aL (10) . Chl concentrations were determined according to Arnon (1) after extraction with 80% acetone.
"CO2 Incorporation and Extrction of Photosynthetic Products. Eight 1.2-cm diameter plugs ofplant material were removed from a single cladophyll in the dark. Two plugs were suspended by fine filaments into each of four 30-ml vials. The plugs were arranged so as to ensure maximum exposure ofboth chlorenchymatic surfaces upon illumination. A photon flux density of 1,000 jAmol quanta-m2 . s' PAR was provided to each side of the suspended plugs by two 300-w medium flood lamps (Sylvania) after filtration through 2 cm of glass and 8 cm of water. Generation of "4CO2 was achieved by injection of 6 ul of NaH'4CO3 (85.2 mm, 58.7 mCi/mmol) into a 4-ml vial containing C02-free air and 1 ml concentrated phosphoric acid. At predetermined intervals, sample vials were flushed with CO2-free air, quickly sealed with a serum stopper and injected with sufficient '4CO2 to equal a total concentration in the vial of approximately 400 ul/ 1. After a 10-s exposure to the "'C02, samples were removed and immediately plunged into liquid N2, weighed, and boiled in 20% ethanol for 15 to 20 min. The sample and ethanol mixtures were then homogenized in a Polytron blender and centrifuged at 40,000g for 3 h. The pellet was resuspended and extracted 3 to 4 times with 20% ethanol, and the supernatant was added to the sample until no significant radioactivity remained in the pellet. The combined supernatant was air evaporated to 2 ml and forced, with a syringe, through a millipore filter (Acrodisc-CR disposable filter assembly, 0.45 Mm pore size), resulting in a clear eluate containing 96% of the radioactivity present in the unfiltered samples.
Fractionation of Soluble "'C-Products. Four fractions of "1C-labeled photosynthetic products were separated by ion exchange chromatography after Atkins and Canvin (2) . A column (0.8 x 5 cm) containing preequilibrated Dowex-SOW (Sigma; H+, 100-200 mesh) was suspended above a second column containing Dowex-l (Sigma; Cl-, 100-200 mesh), and the neutral fraction (mainly sugars) was eluted through both columns with 100 ml boiled distilled H20. The columns were then separated and the basic fraction (mainly amino acids) was eluted from the cation resin (Dowex-SOW) with 100 ml 2 N NH40H while the acid-l fraction (organic acids including malate and oxaloacetic acid, and monophosphate esters) was eluted from the anion resin (Dowex-l) using 100 ml 6 N formic acid. Finally, the acid-2 fraction (sugar phosphates including 3-phosphoglycerate and RuBP) was eluted from the anion exchange column with 100 ml 2 N HCI. All fractions were taken to dryness by lyophilization, resuspended in a known volume of water, and counted in a Beckman LS 7000 liquid scintillation counter. Due to the high viscosity of the samples, recovery of radioactivity after fractionation ranged from 45 to 60%. Nevertheless, the reported trends were repeatable for four replicates.
Inhibition of PEP Carboxylase by Malate. Samples of fresh cladophyll tissue were obtained 5 min before and 15, 30, and 90 min after illumination as described above and subsequently ground for 1 min in liquid N2, using a mortar and pestle. The frozen powder was extracted in 9 volumes of the previously described extraction medium. The homogenates were then centrifuged at 10,000g for 1.5 min and the supernatant quickly desalted as described above. Activity ofPEPC was assayed within 7 concentrations also decreased quickly with initiation of the light period (Fig. 2) . After 10 to 20 min depletion in the light, both malate and acid levels increased rapidly reaching peak concentrations within 30 min, approximately concurrent with the timing of the MB (Fig. lA) . Casual observation of these data might suggest exclusive fixation of exogenous CO2 by PEPC. However, comparison of the rates of malate fluctuation and CO2 uptake during phase II suggests that CO2 uptake accounts for less than 10% of malate synthesis. This does not discount the possibility of exclusive C4 type (PEPC) fixation of exogenous C02, but is indicative of a complexity of metabolic events, and hence the uncertainty of the extent of PEPC involvement during phase II. Additional plants were subjected to gas exchange measurements under 2% 02. A typical MB was again observed, reaching a peak rate 25 min after illumination (Fig. lA) . However, plants measured under 2% 02 exhibited a higher CO2 fixation rate and a longer period of net CO2 uptake than plants measured under 21% 02. This suppression ofCO2 fixation by 21% 02 is indicative of involvement of RuBPC since 02 is a competitive inhibitor of carboxylation by this enzyme (9) .
After 5 min of illumination, less than 4% inhibition of photosynthesis by 21% 02 was observed in the Opuntia specimens (Fig. 1 B) . However, 20 and 63% inhibition was evident after 25 and 75 min, respectively. These data suggest increased involvement of RuBPC in the fixation of CO2 during phase II A relative increase of RuBPC involvement in phase II CO2 fixation with time, would necessitate decreased involvement of PEPC as the metabolic transition progresses from darkness to light. However, assays for PEPC activity using desalted extract showed only a slight decrease in potential activity from dark to light (Fig. 3) . A slight increase was noted in potential activity of NADP-ME and apparent light activation was observed in RuBPC, PPDK and NADP-MDH. Similar light activation has been reported for PPDK and NADP-MDH from C4 plants (5, 25) . It is important to realize, particularly in the case of PEPC, that these data give only potential activities and are not particularly indicative of in vivo activities since they provide no indication of metabolic regulation which may occur in the cell.
The apparent decreased involvement on PEPC in the fixation of exogenous CO2 during phase II is further substantiated by the initial photosynthetic products ofshort-term '4C02 fixation. The per cent of '4C label appearing in the acid-I fraction (mainly C4 acids) after 10 s of 14C02 fixation decreased from 92% in the dark, to 46% within 20 min of illumination (Fig. 4) and has traced the phenomenon to changes in its sensitivity to malate feedback inhibition. In the present study, inhibition of PEPC by malate increased with progression of phase II. When the dark sample was assayed at pH 8.0, the K,(malate) for PEPC was about 2 mm and decreased steadily after the initiation of the light phase (Table I ). Inhibition of PEPC by 2 mm malate was quite consistent with the K1 data. A 43.5% inhibition was apparent in the dark and inhibition increased with onset of the light period to 73.3% after 90 min. The latter data support results reported for Mesembryanthemum crystallinum (22, 23) although K1 values for PEPC were higher in 0. erinacea.
Another aspect of malate inhibition of PEPC reported in the literature, is that of lowered pH (1 1, 21, 22) . Lowered cytoplasmic pH, due to efflux of malic acid from the vacuole during decarboxylation, may increase the inhibitory effect of malate and reduce the activating effect of PEP. When malate inhibition of PEPC was determined for 0. erinacea at pH 7.5 rather than pH 8.0, 47% inhibition was observed in the presence of 0.2 mM malate. This indicates 10 times greater sensitivity of PEPC to malate at the lower pH. However, in vivo malate inhibition of PEPC is apparently gradual as evidenced by the continued formation of malate up to 30 min after illumination (Fig. 3) .
CONCLUSIONS
Although the complete mechanisms of phase II metabolic functions are still not fully understood, some features of phase II CAM are becoming increasingly clear. First, with the onset of daytime light and temperature conditions, decarboxylation of malate begins. Within several minutes, a rapid net carboxylation of CO2 into malate is apparent, and multiple increases and decreases of titratable acid concentration may also be observed (7, 8) . Simultaneous fixation and release of CO2 from malate is the likely explanation of this phenomenon, with net increases and decreases being attributable to a gradual shifting from exclusive carboxylation and storage of malate in the dark, to release and decarboxylation in the light.
Second, comparisons of the rates of malate fluctuation (Fig.  2) , CO2 fixation rate (Fig. 1) , and C4 acid formation (Fig. 4) suggest that malate metabolism is not limited by CO2 diffusion through stomata. This is apparent in that less than 10% of the CO2 fixed into malate during the first 30 min of phase II is from the atmosphere. Instead, rapid fluctuation of internal CO2 concentration due to release and refixation of endogenous CO2 may be responsible for changing stomatal conductance (4). This would suggest an indirect photocontrol ofstomatal activity during phase II through light mediated malate metabolism.
Finally, the decreased involvement of PEPC in phase II CO2 fixation is apparently due to gradual activation of RuBPC (possibly through light dependent activation) (3) and increased inhibition ofPEPC with increasing cytoplasmic malate concentration under acidified conditions. Involvement of PEPC continues to decline, yielding to the apparent exclusive fixation of CO2 by RuBPC about 75 min after illumination. RuBPC carboxylation of endogenous CO2 (from malate decarboxylation) continues after stomatal closure until the malate pool is depleted.
